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Abstract
International Linear Collider (ILC) interaction region
beam sizes and component position stability requirements
will be as small as a few nanometers. It is important to the
ILC design effort to demonstrate that these tolerances can
be achieved — ideally using beam-based stability measure-
ments. It has been estimated that RF cavity beam position
monitors (BPMs) could provide position measurement res-
olutions of less than one nanometer and could form the ba-
sis of the desired beam-based stability measurement. We
have developed a high resolution RF cavity BPM system.
A triplet of these BPMs has been installed in the extraction
line of the KEK Accelerator Test Facility (ATF) for testing
with its ultra-low emittance beam. A metrology system for
the three BPMs was recently installed. This system em-
ployed optical encoders to measure each BPM’s position
and orientation relative to a zero-coefficient of thermal ex-
pansion carbon fiber frame and has demonstrated that the
three BPMs behave as a rigid-body to less than 5 nm. To
date, we have demonstrated a BPM resolution of less than
20 nm over a dynamic range of +/- 20 microns.
THEORY
When a bunch transits a cavity BPM, the field of the
bunch excites the eigenmodes of the electromagnetic fields
within the cavity. The amplitude of the TM110 mode has a
linear dependence on the transverse offset of the beam rela-
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tive to the electrical center of the cavity; the phase depends
on the direction of the offset. The TM110 mode also has a
linear dependence on both the angle of attack and angle of
obliquity (collectively referred to as “tilt”) of a finite length
bunch relative to the z-axis of the cavity. This is discussed
in more detail elsewhere [1, 2, 3].
The intrinsic resolution of a BPM is limited by the sig-
nal to noise ratio of the system: The signal voltage of the
BPM is determined by the beam’s energy loss to the TM110
mode and by the external coupling of the waveguide; the
overall noise of the system comes from thermal noise as
well as contamination from the symmetric TM010 mode.
It has been estimated that an RF cavity BPM could have a
resolution below one nanometer [4].
EXPERIMENT
This experiment employed three identical cavity BPMs
[5]. Single bunch extractions from the ATF ring of typically
between 6 and 7 × 109 e− at an energy of 1.28 GeV were
used for our tests. The machine repetition rate was∼ 1 Hz.
Because the beam passed through the apparatus in a
straight line, the beam’s position in BPM 2 was related
in a linear way to the beam’s positions in BPMs 1 and 3.
BPM resolution was determined by measuring the residual
— that is the difference between the position of the beam
as measured by BPM 2 and the predicted position as calcu-
lated from the beam’s parameters measured by BPMs 1 and
3. The coefficients used to calculate the beam’s position at
BPM 2 were determined by regressing the beam’s y po-
sition measured by BPM 2, ybeam2 , against xbeam1,3 , ybeam1,3 ,
x′ beam1,3 and y′beam1,3 over many events. The resolution was
then proportional to the standard deviation of the distribu-
tion of the residuals for many ATF extractions.
Details of the experiment and explanations of the wave-
form processing, calibration, and resolution algorithms are
all discussed in nauseating detail elsewhere [3].
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RESOLUTION STABILITY
The resolution of the BPM system had previously been
measured at 15.6 nm for position and 2.1 μrad for tilt [3].
On 5 December 2006, 17:21 JST, a long test was conducted
to investigate the stability of the resolution of the BPM sys-
tem. A total of 25,600 events were collected over a period
of ∼ 4.5 hours. Using nominally 1024 events per regres-
sion (cuts were imposed to remove ATF extractions outside
the dynamic range of the system) yielded 25 separate mea-
surements of the resolution each spanning ∼ 11 minutes.
The mean resolution was 18.1± 1.4 nm while the best res-
olution was 15.3 nm. Figure 1 shows the stability of the
system on the time scale of several hours.
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Figure 1: The mean resolution was determined to be
18.1 ± 1.4 nm using 25,600 events over ∼ 4.5 hours from
5 December 2006, 17:21 JST.
METROLOGY SYSTEM
A metrology system, installed in January 2006, was in-
tended to make possible an evaluation of the non-rigid-
body mechanical motion among the three BPMs and es-
pecially that part due to thermal drifts.
Three NanoGrid Model A Hi-Resolution systems, man-
ufactured by Optra Inc. were mounted on each BPM [6].
The Optra NanoGrid is an xy metrology system that mea-
sures the position of a sensor head relative to an optical en-
coder grid consisting of a 2-dimensional, 10 micron pitch
diffraction grating on soda-lime glass. Each sensor head,
which contained a diode laser source, imaged the two in-
terference patterns onto 90-element triple detector arrays
to make very accurate phase measurements. When the en-
coder grid moved relative to the sensor head, the fringes
moved across the detector arrays generating R, S and T
signals which were 120◦ apart in phase. These three sig-
nals made possible a phase measurement which was inde-
pendent of the laser power, the reflectivity of the grid, and
the relative intensities in the ±1 diffracted orders. This ap-
proach made possible a shot-noise-limited phase resolution
of 1 part in 214 corresponding to a measurement resolution
of 0.305 nm.
By employing three NanoGrids per BPM, the x, y, z,
yaw ψ, pitch θ, and roll φ of each BPM could be pre-
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Figure 2: The NanoBPM experiment including the metrol-
ogy system.
cisely determined [7]. A zero-coefficient of thermal expan-
sion (zero-CTE) carbon fiber metrology frame supported
all nine encoder grids. This is shown in Figure 2.
The vibrational modes of the experiment were deter-
mined with an acoustic tone generator. The non-rigid-body
motion induced in the experiment was then measured by
the metrology system and is plotted against frequency in
Figure 3. The first vibrational mode of the BPM alignment
frame was previously measured at ∼ 190 Hz.
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Figure 3: Non-rigid-body motion measured by the metrol-
ogy system as a function of frequency for both the x and y
directions.
For the data of 5 December 2006, 17:21 JST, the degree
of non-rigid-body motion measured by the metrology sys-
tem was 6.0± 0.3 nm x and 4.1± 0.2 nm y (this naturally
included contributions from both the BPMs and the metrol-
ogy frame itself).
An enclosure of Dynamat Dynil — a dense acoustic bar-
rier — was subsequently installed around the experiment
[8]. Dynil is advertised to have a transmission loss of∼ 18
dB for frequencies less than 250 Hz. After installation
of the Dynil acoustic barrier, non-rigid-body motion mea-
sured by the metrology system reduced to 5.3 ± 0.2 nm x
and 3.5± 0.3 nm y. This is shown in Figure 4.
With the metrology system, ybeam2 could be regressed
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Figure 4: Non-rigid-body motion for both the x and y di-
rections measured by the metrology system over a period
of ∼ 6.5 hours on 6 December 2006 starting at 23:59 JST.
against not only xbeam1,3 , ybeam1,3 , x′ beam1,3 and y′beam1,3 as or-
dinarily, but in addition the positions of the three BPMs,
xBPM1,2,3 , y
BPM
1,2,3 , z
BPM
1,2,3 , ψ
BPM
1,2,3 , θ
BPM
1,2,3 , and φBPM1,2,3 as mea-
sured by the metrology system. For the data of 5 December
2006, 17:21 JST, the mean difference in resolution from
including the parameters measured by the metrology sys-
tem was −0.2 ± 0.1 nm, shown in Figure 5. This level
of improvement was consistent with 2.7 nm of non-rigid-
body motion among the BPMs. If the measured non-rigid-
body motion of 4.1± 0.2 nm was considered to be coming
equally from both the metrology frame and the BPMs, it
would imply that there was 2.9 nm of non-rigid-body mo-
tion among the BPMs.
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Figure 5: Difference in resolution when the positions of
the three BPMs as measured by the metrology system were
added to the regression for the beam’s y position in BPM
2, ybeam2 . The mean difference was −0.2± 0.1 nm.
CONCLUSIONS
To date, the BPM system achieved a position resolution
of 15.3 nm, or 15.1 nm when the parameters measured by
the metrology system were included in the regression for
ybeam2 . Over a period of ∼ 4.5 hours, the system achieved
a mean resolution of 18.1 ± 1.4 nm — indicative of the
degree of stability on that time scale.
Best measured resolution 15.3 nm
Mechanical non-rigid-body-motion 2.7 nm
Thermal noise (at T = 293 K) 2.8 nm
Phase noise (∼ 2.5 mrad) 1.3 nm
Magnetic field fluctuations
(dB = 120 nT, assuming B along xˆ) 1.3 nm
Energy jitter
(dE/E = 0.0002, assuming B along xˆ) 0.07 nm
Total measured contributions 4.3 nm
Contributions to resolution
remaining unaccounted for 14.7 nm
Table 1: Contributions to the measured resolution.
The various known contributions to the resolution are
listed in Table 1. The metrology system has now ruled out
mechanical non-rigid-body-motion as a significant contrib-
utor to the measured resolution. The bulk of the resolu-
tion thus remains unexplained. However, given the poor
machining tolerances of these cavities (e.g. roundness of
the beam pipe surfaces of the BPMs ranged from 44 to
240 μm), two important effects have not been ruled out:
cross talk between the x and y channels where signal re-
sulting from the beam’s offset in x contaminates the signal
from the beam’s offset in y, and contamination from the
monopole mode leaking through imperfect coupling slots.
Considering the relative sizes of the monopole TM010 and
TM020 modes as compared to the TM110 mode, the latter
effect was likely more important.
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